The class III phosphatidylinositol 3-kinase Vps34 (vacuolar protein sorting 34) catalyzes for the formation of the signaling lipid phosphatidylinositol-3-phopsphate, which is a central factor in the regulation of autophagy, endocytic trafficking and vesicular transport. In this article, we discuss the functional role of the lipid kinase Vps34 in Saccharomyces cerevisiae.
Introduction: the principles of phosphatidylinositol 3-kinasemediated signaling
The phosphorylated lipid phosphatidylinositol 3-phosphate (PtdIns3P) is regarded as an important signaling molecule. Membrane subdomains enriched for PtdIns3P can selectively recruit cytosolic proteins that harbor a PtdIns3P-binding motif. These attracted PtdIns3P-effectors function in the first step of downstream signaling cascades, which finally result in a cellular response Marat and Haucke, 2016 ). Here we focus on the essential findings concerning the lipid kinase Vps34 (vacuolar sorting protein 34).
In general, three classes of phosphatidylinositol 3-kinases (PI3Ks) have been described, which are called PI3K class I, II and III. They are characterized by the capability to phosphorylate the 3-hydoxyl group of the inositol ring, but differ in their substrate specificity and therefore generate distinct phosphoinositide-species (Vanhaesebroeck et al., 2010; O'Farrell et al., 2013) .
PI3K-III (or PIK3C3) represents the most conserved PI3K class. Moreover, it is the sole PI3K in yeast and plants (Welters et al., 1994; Backer, 2016) . The catalytic subunit of the PI3K complex is Vps34, which exclusively utilizes PtdIns as substrate. It phosphorylates PtdIns at the 3-hydoxyl group of the inositol ring in order to generate PtdIns3P Backer, 2008; Workman and van Montfort, 2010) .
In general, the produced PtdIns3P has been found to localize to endosomes, multivesicular bodies ( Gillooly et al., 2000) , phagosomes (Ellson et al., 2001; Vieira et al., 2001) , midbodies , peroxisomes (Grunau et al., 2011) and omegasomes (Axe et al., 2008; Hayashi-Nishino et al., 2009 ). The generated PtdIns3P attracts PtdIns3P-binding factors, which often contain a PX (Phox homology) domain or a FYVE (Fab1p, YOTB, Vac1p and EEA1) domain, which was named after the first proteins in which it was identified (Lemmon, 2008; Schink et al., 2013) .
The subsequent signaling cascades are involved in endocytic transport and endocytic signaling, cytokinesis as well as autophagy (Simonsen and Tooze, 2009; Funderburk et al., 2010; Nezis et al., 2010; Platta and Stenmark, 2011; Pedersen et al., 2012; Schink et al., 2016) . In humans, these PIK3C3-dependent processes have a central function in the prevention of tumorigenesis, by ensuring the termination of growth factor receptor signaling, as well as by the engulfment of damaged organelles in autophagosomes, or through prevention of bi-nucleation and genome instability by promoting a correct cytokinesis (Stenmark, 2010; Morris et al., 2015) .
The Vps34/Vps15 kinase module
The different cellular functions of the PIK3C3 complex are mediated via the association of distinct regulatory proteins. The invariant core components of the different PIK3C3 complexes are the lipid kinase Vps34 and the putative protein kinase Vps15 Stack et al., 1993 Stack et al., , 1995 (Table 1) .
Vps15 contains a putative protein kinase domain, multiple HEAT repeats and several C-terminal WD40 domains (Backer, 2016) . The mammalian homologue was described as p150 or PIK3R4 (Panaretou et al., 1997) . Both yeast Vps15 and mammalian p150 are myristoylated at the N-terminal myristoylation consensus sequence (Herman et al., 1991b; Panaretou et al., 1997) .
The deletion of Vps34 and Vps15 causes similar phenotypes, which suggested a close functional relationship. However, the combination of defects in the sorting of newly synthesized hydrolases to the vacuole, normal vacuolar morphology, sensitivity to growth at 37°C and to osmotic stress as well as the occurrence of abnormal cytoplasmic membranous structures, cannot be clearly be assigned strictly to either the Class C or the Class D vps mutant group (Banta et al., 1988; Herman and Emr, 1990; Raymond et al., 1992; Haguenauer-Tsapis, 2012) . Therefore, Vps34 and Vps15 are supposed to form a distinct subset of vps factors (Herman et al., 1992; Hedman et al., 2007) .
It is still not completely clear how exactly Vps15 regulates Vps34 activity. There are even indications for possibly several modes of interplay.
The putative serine/threonine kinase domain as well as the HEAT domain of Vps15 are required for the interaction with the C-terminal region of Vps34 (Stack et al., 1995; Budovskaya et al., 2002) . Interestingly, point mutation of residues within the kinase domain that are predicted to abolish kinase activity, result in a drastically reduced interaction of Vps15 and Vps34 in co-immunoprecipitation experiments. Moreover, these mutants are temperature-sensitive for PtdIns3P production (Stack et al., 1995) . However, so far there is no evidence that Vps15 acts as a kinase for Vps34. Even though Vps34 is phosphorylated in yeast, it seems that this phosphorylation resembles autophosphorylation and not phosphorylation by Vps15 (Stack and Emr, 1994) . Instead, the detected phosphorylated species of Vps15 depend on the intact kinase domain of Vps15, indicating that also Vps15 might undergo autophopshorylation (Herman et al., 1991a; Stack and Emr, 1994) .
An additional aspect is, that Vps15 seems to be required for a stable membrane-association of Vps34, because the deletion of Vps15 leads to a cytosolic mislocalization of Vps34 . In summary, these results demonstrate that a functional Vps15 is required for Vps34 function in vivo. The depicted models represent the domain structure of the different versions core constituents of the PIK3C3-CI and PIK3C3-CII complexes. ATG, Autophagy-related gene; BARA, beta-alpha repeated; BARKOR, Beclin 1-associated autophagy-related key regulator; BECLIN, Bcl-2 interacting protein; C2, protein kinase C conserved region 2; C/C, coiled coil; HEAT repeat, Huntingtin, elongation factor 3 (EF3); protein phosphatase 2A (PP2A), and the yeast kinase TOR1; kinase(L), lipid kinase; kinase(P), protein kinase; MIT, microtubule-interacting and trafficking; NRBF2, nuclear receptor binding factor 2; PIK3C3, Phosphatidylinositol 3-kinase catalytic subunit 3; PIK3R4, phosphatidylinositol 3-kinase regulatory subunit 4; UVRAG, UV radiation resistance-associated gene; VPS, vacuolar protein sorting; WD40, motif of approx. 40 amino acids that often ends with tryptophan (W) and aspartic acid (D). This core complex can be extended by additional components leading to complexes on different membranes that mediate different pathways. Complex I (PIK3C3-CI) is formed on the pre-autophagosomal membrane consisting of the core complex together with the protein Atg14. The Atg38 homodimer interacts with this complex in a Atg14-dependent manner, which finally leads to autophagy. Complex II (PIK3C3-CII) instead comprises in addition to the core complex the protein Vps38. This complex localizes to the membrane of endosomes and plays a role in the vacuole protein sorting. The third complex (Gpa1 complex) consists of Vps34, Vps15 and Atg14. It is also localized to endosomal membranes, but in comparison to complex I and II the G protein Gpa1 (α subunit) is also part of this complex. Gpa1 is targeted to the endosome by Vps15. After an activation of Gpa1 dissociation of the α subunit from the Gβ-like protein Vps15 takes place and Gpa1 binds directly to Vps34. It has been suggested, that Atg14 might hypothetically bind to Vps15 as a Gγ-like protein. The Gpa1 complex plays a role in pheromone signaling.
Modulation of PIK3C3 complex function through different subunit compositions
In order to accomplish full enzymatic and biological activity, the Vps34/Vps15 module associates with additional regulatory proteins, giving rise to different subunit compositions that specify the localization, activity and physiological context of Vps34-catalyzed PtdIns3P production (Funderburk et al., 2010; Reidick et al., 2015) .
PIK3C3-CI
In yeast, two differently composed complexes regulate either autophagy or vacuolar protein sorting. Vps34 and Vps15 have been described to be essential for the initiation of macroautophagy (Kihara et al., 2001) . They associate with Vps30 (also called Atg6 or Apg6), which has been shown to be required for autophagy as well (Kametaka et al., 1998) . Vps30 contains the BARA (β-α repeated, autophagy-specific) domain, which was found first in Vps30 (Table 1) . This novel globular fold comprises of three β-sheet-α-helix repeats. The BARA domain is dispensable for the assembly of the Vps34-complexes, but is essential for the targeting of the complex to the preautophagosomal structure (Noda et al., 2012) .
In Saccharomyces cerevisiae, the interaction between Vps30 and Vps34/Vps15 is supposed to be bridged by the coiled-coil domain containing Atg14 (Kihara et al., 2001) (Figure 1 ). This assembly, which was designated as PIK3C3 Complex I (Kihara et al., 2001) or PIK3C3-CI, was later also found to be conserved in mammalian cells (Itakura et al., 2008; Matsunaga et al., 2009; Zhong et al., 2009 ). Here, VPS34 binds both ATG14L (Barkor) and the Vps30-homologue BECLIN 1 directly. Complex I is required for macroatophagy as well as selective autophagic pathways like pexophagy in yeasts (Kiel et al., 1999; Farré et al., 2010; Grunau et al., 2011) .
Atg14 is required for the proper localization and assembly of the site-specific autophagic-machinery, because it recruits Atg5 and Atg8 to the pre-autophagosomal structure (PAS) membranes, which also contain Atg1, Atg2 and Atg16 (Suzuki et al., 2001 ). Thus, a deletion of Atg14 might inhibit either vesicular trafficking resulting in a missorting of PAS components or, alternatively, causes by a loss of PtdIns3P production in the nascent PAS, leading subsequently to a block of the targeting of PtdIns3P-binding proteins required for autophagy (Backer, 2008) .
Atg38 was identified as the fifth stably associated component of the PIK3C3-CI (Araki et al., 2013) . Atg38 forms a homodimer via its C-terminal part. Its N-terminal region physically interacts with Vps34 and Atg14. The deletion of ATG38 results in a mild, but significant reduction of macroautophagic activity, but did not influence selective autophagy like pexophagy or mitophagy (Araki et al., 2013) . This first study suggested, that Atg38 stabilizes the interaction between the Atg14-Vps30 and Vps34-Vps15 subcomplexes in vivo (Araki et al., 2013) . A recent study pointed out, that the co-expressed Complex I components can be co-isolated in absence of Atg38 and that Atg38 might possibly function as a linker to incorporate Complex I to signaling networks or to membranes (Ohashi et al., 2016) . Recently, NRBF2 was identified as the possible mammalian homologue of Atg38. However, it does not seem entirely clear whether it always has a stimulating influence on VPS34 function (Cao et al., 2014; Lu et al., 2014) or if it also can have an inhibitory effect (Zhong et al., 2014) . At least data derived from recombinant material show that NRBF2 enhances the activity of VP34 (Young et al., 2016) .
PIK3C3-CII
The deletion of Vps34, Vps15 or Vps30 affects both autophagy and vacuolar protein sorting. In contrast, Atg14 and Atg38 represent specific constituents of the PIK3C3-CI, which are only required for autophagy and which are not involved in protein sorting.
The sorting of the vacuolar hydrolase carboxypeptidase Y (CPY) depends on Vps38 (Kihara et al., 2001 ) ( Table 1 ). The deletion of Vps38 does not influence autophagy pathways (Kihara et al., 2001; Farré et al., 2010; Grunau et al., 2011) . Together with Vps34, Vps15 and Vps30 it forms the PIK3C3-Complex II, which is mainly found at endosomal membranes. The mammalian homologue of Vps38 is UV radiation resistance associated gene (UVRAG) which is part of the mammalian version of the PIK3C3-CII (Itakura et al., 2008; Matsunaga et al., 2009; Zhong et al., 2009) . In contrast to yeast PIK3C3-II and the human ATG14L-containing Complex I, it does seem to have late role in phagophore maturation (Matsunaga et al., 2009; Zhong et al., 2009) . Moreover, it is specifically required for the function of VPS34 in the degradative endocytic transport as well as in the completion of cytokinesis (Thoresen et al., 2010) .
PIK3C3-CII plays also an important role in the targeting of the retromer complex, which is required for endosome-to-Golgi retrograde transport (Burda et al., 2002) . The deletion of Vps30 and Vps38 results in a mislocalization of the retromer components Vps5 and Vps17 to the cytosol. Because both proteins contain the PX-domains, it can be assumed that PIK3C3-CII directs the synthesis of a specific endosomal pool of PtdIns3P, which is required for recruitment of the retromer complex (Burda et al., 2002) .
Immunoprecipitation studies suggested, that UVRAG associates to the PIK3C3-CII with an interaction to BECLIN 1 in mammals (Itakura et al., 2008) and to Atg6 in the methylotrophic yeast Pichia pastoris (Farré et al., 2010) and that it does not directly bind to Vps34. The data derived from S. cerevisiae suggest that Vps38 bridges the interaction between Vps34 and Vps30 (Kihara et al., 2001) (Figure 1) .
Recently, the crystal structure of the yeast 385-kDa PIK3C3-CII was solved with a resolution of 4.4 Å (Rostislavleva et al., 2015) . The structure reveals that the subunits form a Y-shaped complex. The center forms the Vps34 C2 domain. Vps34 and Vps15 intertwine in one Y-arm. Here, the Vps15 kinase domain intercts with the Vps34 activation loop, which might regulate the activity of Vps34. The other Y-arm is formed by Vps30 and Vps38, thereby bracketing the Vps34/Vps15 heterodimer. Using hydrogen-deuterium exchange mass spectrometry (HDX-MS), it was revealed that binding to large unilamellar vesicles (LUVs) induces conformational changes in the complex that accompany phosphorylation of liposomes (Rostislavleva et al., 2015) .
Additional functions of PIK3C3 complexes
Several additional functional roles of Vps34/Vps15 or PIK3C3 complexes have been described. Deletion strains of Vps34 and Vps15 display multiple phenotypes indicating an impairment of transcription elongation (Gaur et al., 2013) . A fraction of Vps15-GFP and Vps34-GFP colocalizes with nuclear pores at nucleus-vacuole (NV) junctions. Moreover, similar to known transcription elongation factors, Vps34 and Vps15 can be cross-linked to the G + C-rich coding sequences (CDS) of genes induced by the transcription factors Gcn4 or Gal4. The deletion of Vps34 or Vps15 results in a reduced mRNA production from CDS. These results indicate that Vps34 and Vps15 can enhance the efficiency of transcription elongation based on their physical proximity to nuclear pores and transcribed chromatin (Gaur et al., 2013) .
Under certain conditions both PIK3C3-CI and PIK3C3-CII are involved in the transport of a specific cargo. The Z variant of human alpha-1 proteinase inhibitor (A1PiZ) is a substrate for endoplasmic reticulum-associated protein degradation (ERAD) (Kruse et al., 2006) . In a screen for A1PiZ degradation-deficient (add) yeast mutants, Vps30 was discovered. Normally, A1PiZ would transit the secretion pathway to the trans-Golgi network and it would be selectively targeted to the vacuole via the PIK3C3-CII-dependent CPY-to-vacuole sorting pathway. However, excess of A1PiZ is not degraded by ERAD and forms aggregates in the endoplasmic reticulum. As a consequence, it is targeted to the vacuole via autophagy in a PIK3C3-CI-dependent manner. These results illustrate the complex nature of protein quality control in the secretion pathway for aberrant or misfolded proteins (Kruse et al., 2006) .
While the Vps34, Vps15, Vps30 and Vps38 containing complex is essential for the sorting of CPY, the delivery of Pep4 (PrA) and Prb1 (PrB) is not affected in cells lacking Vps38 (Kihara et al., 2001) . Therefore, yeast cells affected in Vps34 and Vps15 display additional phenotypes compared to the Vps38-and Atg14/Atg38-containing complexes, which may indicate the existence of more PIK3C3 complex variants.
Regulation of Vps34 function by G-protein signaling
The yeast pheromone response pathway depends on G-protein signaling. Subsequent to pheromone activation, Gα as well as Gβγ subunits activate downstream effectors, like the MAP (mitogen activated protein) kinases Fus3 and Kss1 at the plasma membrane (Dohlman and Thorner, 2001) . Experiments in S. cerevisiae have provided a direct link between trimeric G-proteins and Vps34p function Heenan et al., 2009 ). Vps34 and Vps15 were identified in a screen for suppressors of Gpa1 (Gα)-mediated transcriptional responses involved in pheromone signaling Heenan et al., 2009) . At the endosomal membrane, activated Gpa1 transmits the signal via the association with the PIK3C3, which finally results in activation of Fus3 . The interaction of the GTP-activated form of Gpa1 with Vps34 leads to an enhanced generation of PtdIns3P.
Because the conserved Gβγ subunits Ste4 and Ste18 are located at the plasma membrane, the existence of an alternative Gβγ pair at the endosomal membrane was suggested . Indeed, Vps15 possesses many structural characteristics of canonical Gβ proteins. Both Vps15 and Ste4 bind preferentially to the unactivated (GDP-bound) form of Gpa1. Furthermore, Vps15 exhibits a seven-bladed propeller structure resembling that of the known Gβ proteins (Heenan et al., 2009) . The Gβ-like domain of Vps15 is sufficient to bind to both Gpa1 as well as to the putative Gγ-like protein Atg14 (Heenan et al., 2009) . Atg14p was proposed to serve as a Gγ protein, based on sequence homology with Gγ proteins (Heenan et al., 2009 ). Vps15 does bind to Gpa1 in a GDP-dependent manner (Heenan et al., 2009 ).
This work demonstrates that activation of MAPK depends on Vps34 or Vps15, but not Vps30 or Vps38 and therefore is independent from signaling involved in autophagy or vesicular trafficking . Moreover the functional similarity and sequence homology between Gγ subunits and Atg14 suggests that Gpa1/Vps15/Atg14 form a special type of trimeric G-protein involved in pheromone activation of MAPK (Heenan et al., 2009) .
However, unlike common Gβγ-pairs, Atg14 is not required for Vps15 stability. Instead Atg14 is stabilized by Vps15 (Kihara et al., 2001) . Moreover, Ste4 is predominantly expressed at the plasma membrane and Vps15 is located at the endosome, Golgi as well as vacuolar membranes (Herman et al., 1991a; Huh et al., 2003) . While typical Gβ/Gγ pairs are anchored to the plasma membrane via prenylation or palmitoylation (Hirschman and Jenness, 1999) , the Vps15/Atg14 pair is anchored via the myristoylation of Vps15 to the endosomal membrane (Herman et al., 1991b) .
Even though it is tempting to assume that Vps15 and Atg14 function as Gβ/Gγ pair in the context of pheromone signaling, it will require more detailed experimental evidence to proove that Atg14 is indeed a Gγ protein. The recently published crystal structure of the yeast PIK3C3-CII complex as well as single-particle EM structure of the mammalian PIK3C3-CI complex indirectly suggest that the binding mode of Atg14 must differ from known Gγ proteins (Baskaran et al., 2014; Morris et al., 2015; Rostislavleva et al., 2015) . Further studies will have to answer the question, whether Atg14 binds as an unusual Gγ protein or whether another, yet unidentified Gγ protein is involved in Vps34-dependent pheromone signaling.
Conclusion
The recently published structure of the S. cerevisiae Vps38-containing PIK3C3-CII (Rostislavleva et al., 2015) represents an important step in the understanding of the functional composition of the Vps34-complex. The EM structure of the ATG14L-containing human PIK3C3-CI shows a comparable V-or Y-shaped architecture (Baskaran et al., 2014) . It will be of interest to solve the structure of the perhaps more complex yeast PIK3C3-CI, which contains Atg14 as well as the Atg38-dimer assembly.
Many central components of the Vps34-complexes have been discovered in yeast first. However, seveal examples of the growing list of VPS34-complex constituents in mammalian cells have no unicellular counterpart yet. Important positive-players like AMBRA 1 (activating molecule in BECLIN 1-regulated autophagy) (Fimia et al., 2007) or Endophilin B1/BIF-1 (Bax-interacting factor 1) (Takahashi et al., 2007) are not known in yeast. Also negatively regulating factors like mammalian the UVRAG-associated RUB-domain protein RUBICON (Matsunaga et al., 2009; Zhong et al., 2009; Sun et al., 2011) or the proto-oncogene and anti-apoptotic BECLIN 1-binding protein BCL-2 (B-cell lymphoma 2) (Pattingre et al., 2005; Maiuri et al., 2007; Davids and Letai, 2012) have no counterparts in yeast.
So far, no detailed studies concerning the regulation of the Vps34 complex constituents by posttranslational modifications have been published for yeast. In contrast, several studies describing the functional relevance of different reversible phosphorylation and ubiquitination events are available for mammalian cells El Magraoui et al., 2015; Reidick et al., 2015) .
VPS34, VPS15 and ATG14L are polyubiquitinated and degraded in the proteasome when BECLIN 1 is destabilized by the action of the chemical compound specific and potent autophagy inhibitor-1 (Spautin-1) (Liu et al., 2011) . Another study demonstrated, that the downregulation of VPS34 generation via siRNA results in a Lys11-linked polyubiquitination of BECLIN 1 by the homologous to the E6-AP carboxyl terminus (HECT)-type ligase neural precursor cell-expressed developmentally down-regulated protein 4 (NEDD4) . First, data indicate that the CUL3-KLHL20 ubiquitin ligase is required for degradation of VPS34-complexes for the termination of autophagy (Liu et al., 2016) . Moreover, VPS34 has been shown to be modified with the ubiquitin-like protein small ubiquitin-like modifier 1 (SUMO 1) (Yang et al., 2013) , which results in a stronger interaction with the ATG14L-and UVRAG-containing subcomplexes (Yang et al., 2013) .
Therefore it will be of interest, whether Vps34 is regulated in a similar manner in yeast cells.
